on the basis of their sizes. We have employed a discontinuous buffer system, which provides stacking of sample proteins, and a polyacrylamide gradient in the running gel to improve resolution of proteins over a wide range of mol wt further.
Maize seeds have relatively large amounts of reserves to use as a source of energy and consequently maize seedlings are viable in complete darkness for about 1 to 2 weeks. The etioplasts in leaves of dark-grown seedlings lack Chl and have a prolamellar body instead of the extended inner membrane structure of mature chloroplasts (5) . If etiolated seedlings are transferred to the light, Chl is synthesized and the prolamellar body of the etioplast disappears as photosynthetically competent thylakoid membranes are generated (5) .
Our laboratory has been interested in the interaction of the chloroplast and nuclear genomes in the photoregulated development of etioplasts into chloroplasts. Assuming that proteins which are synthesized in the chloroplast are likely also to be coded for by chloroplast DNA, we decided to see which, if any, of the proteins of the thylakoid membrane that appear during greening are synthesized in isolated chloroplasts.
In the present study, improved techniques for electrophoretic separations of membrane proteins have been employed both to 1 This work was supported in part by the National Institute of General Medical Sciences Grant GM-20470 (8, 12, 14, 25) on the basis of their sizes. We have employed a discontinuous buffer system, which provides stacking of sample proteins, and a polyacrylamide gradient in the running gel to improve resolution of proteins over a wide range of mol wt further.
Fluorography of the SDS-polyacrylamide gels was used to determine the number and mol wt of the membrane-associated products synthesized during incubation ofchloroplasts with radioactive amino acids. It is more difficult to quantitate amounts of radioactivity with fluorography than by slicing the gels and counting the radioactivity in each slice. However, fluorography offers the advantages of higher resolution of minor bands and greater precision in aligning peaks of radioactivity with stained proteins on the same gel, making it the most useful technique available for the kinds of comparisons we wished to make. 6 .6 mm MgC12, so that the Chl concentration was 700 to 800 / ml. Fifty to 100 ,uCi of [15S]methionine (400-900 Ci/mmoL Amersham) were added to 0.5 ml of this crude chloroplast suspension, which was then illuminated with white light at 20 C for 1 h. After illumination, chloroplasts were diluted with 10 ml of 5 mm TrisHCl (pH 8.0) and repelleted. This washing step was repeated. The pellet consisted primarily of thylakoid membranes. These were either stored at -20 C or else immediately solubilized for SDSpolyacrylamide gel electrophoresis.
MATERIALS AND METHODS

SDS-Polyacrylamide Gel Electrphoresis and Fluorography.
Membrane samples containing equal protein concentrations, as determined by the method of Lowry et al (22) , were disassociated by boiling for 2 min in 3% SDS (w/v), 1%,B-mercaptoethanol (v/ v), 62.5 mm Tris-HCl (pH 6.8), 10%1o glycerol. The polypeptides were separated on a 10 to 15% polyacrylamide gradient, with a 5% acrylamide stacking gel in 0.1% SDS, using the buffer system described by Laemmh (19) . Electrophoresis was carried out at 20 mamp during stacking of the sample proteins, and at 25 mamp during separation ofproteins in the nlning geL Gels were stained for 1 h in 0.2% (w/v) Coomassie brilliant blue, 50% (v/v) methanoL 7% (v/v) acetic acid, and destained overnight in 20% methanoL 7% acetic acid.
When radioactive polypeptides were present, after a photographic record was made of the stained proteins, the gels were infiltrated with PPO in dimethylsulfoxide, and dried (6) . The dried gels were exposed to prefogged Kodak X-Omat R film at -80 C (20) .
As mol wt standards P-galactosidase was taken as 130,000 daltons; BSA as 69,000, carbonic anhydrase as 29,000, ribonuclease A as 13,700; and Cyt cl as 11,300.
RESULTS
Changes in Inner Membrane System of Plastids during Greening. Prolamellar bodies ofetioplasts and thylakoids ofchloroplasts are comprised of different complements of proteins. Improved electrophoretic techniques have resulted in better resolution of membrane proteins than in an earlier study of maize plastids (15) , permitting a more detailed analysis of developmental changes during greening (Fig. 1) .
We can divide the proteins of the plastid inner membrane into three groups on the basis of the time of their appearance during greening.
The first group includes the proteins which are present in etioplasts but not in chloroplasts from greenhouse-grown plants. The most prominent of these have mol wt of 120,000 and 37,000. These proteins become depleted during greening, though they are still detectable as minor components in plants kept 16 h in the light. Polypeptides in the 29,000-and 19,000a-dalton bands are depleted during greening, but are detectable in lesser amounts in chloroplasts from greenhouse-grown plants.
The second group is comprised of proteins which are absent from etioplasts and appear during greening. These have mol wt of 42,000, 32,000, 27,500, 27,000, 26,000, 25,000, and 24,000. Ofthese, the 27,500-, 27,000-, and 26,000-dalton polypeptides have been identified as the protein subunits of the LHC4 of maize (26) .
Groups of proteins also have been identified as LHC subunits in Acetabularia (1) , Chlamydomonas (2), lettuce (17) , and pea seedlings (9) . Some proteins which should perhaps be included in this second group are those which are only barely detectable in etioplasts and which seem to increase in amount during greening, relative to other proteins also present in etioplasts. These nonspecific aggregates formed during preparation of the samples for electrophoresis.
Proteins synthesized by isolated chloroplasts have been reported to differ in size from any of the major polypeptides comprising the thylakoid membrane (12, 14, 25) . In contrast to these reports, we see a correspondence in size of a number of the newly synthesized polypeptides with thylakoid components. After electrophoresis on SDS-polyacrylamide gels of thylakoid membrane proteins, polypeptide-containing bands seen by staining with Coomassie blue coincide with a number of radioactive bands displayed on a fluorograph of the same gel (compare Fig. 2, a and b) . A few bands ofradioactive material on the fluorograph do not co-migrate with any stained bands of proteins. The most prominent of these have mol wt of 34,500, 21,500, 20,000, and 18,000. Another band of radioactive material of about 27,000 daltons appears to run between the two heaviest subunits of the LHC.
The 34,500 dalton protein is the most heavily labeled of all of the membrane-bound polypeptides synthesized by isolated maize chloroplasts (14) . We also see fairly prominent radioactive bands at the positions of the stained bands which co-migrate with a and ,B subunits of CF1 (62,000 and 58,000 daltons). These subunits were identified as products of protein synthesis by isolated chloroplasts from spinach by Mendiola-Morgenthaler et al. (24) . Notable in the fluorographs is the complete lack of labeled material co-migrating with the subunits of the LHC. These proteins are heavily labeled in vivo, when [35S] methionine is painted onto a maize seedling leaf. Its absence from the in vitro products lends credence to the proposal that only protein synthesis on chloroplast ribosomes is going on in the illuminated organelle preparations, despite their crudity.
When chloroplast suspensions were incubated with [3S]methionine in the dark, the amount of acid-precipitable label recovered was less than 5% of that obtained in the light, and no discrete bands of radioactivity were seen on fluorographs of the thylakoid proteins.
A similar pattern of radioactive polypeptides was obtained when the chloroplasts were incubated with [ H]leucine instead of [35S]methionine.
DISCUSSION
We attribute the difference between our observations and previously reported ones comparing the sizes of polypeptides synthesized by isolated chloroplasts with thylakoid proteins to the greater sensitivity and resolution achieved by fluorography of SDS-polyacrylamide gels after infiltrating them with PPO and drying (6) . Bottomley et al. (8) , who used autoradiography of dried SDSpolyacrylamide gels of labeled thylakoid proteins, also reported possible coincidence in size of radioactive and stained proteins, but did not specify which proteins showed this correspondence.
Comparison of the mol wt of the thylakoid proteins which are labeled in isolated chloroplasts with those which appear during greening (Table I) The chloroplast membrane protein which is most abundantly synthesized during greening of leaves has a mol wt of 27,500, and has been identified as a subunit of the LHC (2, 17, 26) . Studies on the mode of inheritance of this protein in interspecific crosses of Nicotiana (18) and on the effects of selective inhibitors of cytoplasmic and chloroplast protein synthesis in Chlamydomonas reinhardi (2), Viciafaba (23) , and Pisum sativum (10, 13) have indicated that the LHC protein is coded for in the nuclear genome and synthesized on cytoplasmic ribosomes. It is not synthesized by isolated chloroplasts.
The 27,000-dalton radioactive polypeptide is not likely to be a subunit of the LHC, since it does not co-migrate with any of the stained subunits. It may possibly be an artifactual band caused by the large amount of homogeneous, unlabeled protein in the gel at 27,500 daltons. If there is a general background of heterodisperse, radioactive proteins which are excluded in regions containing large amounts of homogeneous protein, a band of radioactivity may appear just below the band of unlabeled protein.
Of the proteins which appear or are strongly enhanced during greening, the 32,000-, 16,000-, and 13,000-dalton proteins appear to be made by isolated chloroplasts. The 32,000-dalton protein has been shown to be similar to the 34,500-dalton protein which is the major membrane-bound product of protein synthesis by isolated chloroplasts (16) . Apparently, isolated chloroplasts lack the capability to process this presumed precursor (34,500-dalton protein) to any great extent, so that only a small amount of the 32,000-dalton protein is formed (Fig. 2) . Translation of RNA from aioplasts and chloroplasts with a rabbit reticulocyte lysate has shown that the messenger RNA for the 34,500-dalton protein is absent or relatively scarce in etioplasts and more abundant in chloroplasts (3). The 32,000-dalton protein detected by staining, which is presumably derived from the 34,500-dalton protein, is absent in etioplasts (Fig. 1 ).
In conclusion, based on comparisons of mol wt of proteins present in etioplasts and chloroplasts, and those synthesized by isolated chloroplasts, it appears that most of the proteins made in the chloroplast do not have their in vivo synthesis stringently regulated by light.
